Perry SF, McNeill B, Elia E, Nagpal A, Vulesevic B. Hydrogen sulfide stimulates catecholamine secretion in rainbow trout (Oncorhynchus mykiss). Am J Physiol Regul Integr Comp Physiol 296: R133-R140, 2009. First published November 5, 2008 doi:10.1152/ajpregu.00185.2008.-We tested the hypothesis that endogenously produced hydrogen sulfide (H 2S) can potentially contribute to the adrenergic stress response in rainbow trout by initiating catecholamine secretion from chromaffin cells. During acute hypoxia (water PO 2 ϭ 35 mmHg), plasma H2S levels were significantly elevated concurrently with a rise in circulating catecholamine concentrations. Tissues enriched with chromaffin cells (posterior cardinal vein and anterior kidney) produced H2S in vitro when incubated with L-cysteine. In both tissues, the production of H2S was eliminated by adding the cystathionine ␤-synthase inhibitor, aminooxyacetate. Cystathionine ␤-synthase and cystathionine ␥-lyase were cloned and sequenced and the results of real-time PCR demonstrated that with the exception of white muscle, mRNA for both enzymes was broadly distributed within the tissues that were examined. Electrical field stimulation of an in situ saline-perfused posterior cardinal vein preparation caused the appearance of H 2S and catecholamines in the outflowing perfusate. Perfusion with the cholinergic receptor agonist carbachol (1 ϫ 10 Ϫ6 M) or depolarizing levels of KCl (1 ϫ 10 Ϫ2 M) caused secretion of catecholamines without altering H 2S output, suggesting that neuronal excitation is required for H 2S release. Addition of H 2S (at concentrations exceeding 5 ϫ 10 Ϫ7 M) to the perfusion fluid resulted in a marked stimulation of catecholamine secretion that was not observed when Ca 2ϩ -free perfusate was used. These data, together with the finding that H 2S-induced catecholamine secretion was unaltered by the nicotinic receptor blocker hexamethonium, suggest that H 2S is able to directly elicit catecholamine secretion via membrane depolarization followed by Ca
HYDROGEN SULFIDE (H 2 S) is the newest member in a family of signaling molecules termed gasotransmitters (44) . Like nitric oxide (NO) (21) and carbon monoxide (43) , H 2 S is a small membrane-permeable gas molecule that is produced endogenously in a regulated manner to influence cellular function independently of membrane receptor interactions. H 2 S is produced largely by the catalytic desulfydration of L-cysteine by three enzymes of which cystathionine ␤-synthase (CBS) and cystathionine ␥-lyase (CSE) are the most important (13, 39) . In mammals, the relative contribution of CBS and CSE to H 2 S production is tissue specific (13) . For example, CBS predominates in the brain, while in the cardiovascular system CSE is the principal contributor to H 2 S production. In the mammalian brain, H 2 S enhances responses that are linked to activation of NMDA receptors (1) while impeding the release of corticotrophin releasing factor from the hypothalamus (6, 25) . In the mammalian cardiovascular system, H 2 S has been portrayed almost exclusively as a vasodilator resulting from the relaxation of vascular smooth muscle (4, 14, 16, 30, 41, 43, 44 ). The principle mechanism underlying H 2 S-mediated relaxation of vascular smooth muscle is the activation of K ATP channels leading to cell membrane hyperpolarization (49) . More recent data, however, obtained both from mammalian and nonmammalian vertebrates suggest a greater level of complexity in the responses of vascular smooth muscle to H 2 S. Indeed, while only limited data are available, it would appear that all classes of vertebrates (excluding the cartilaginous fishes) exhibit vasoconstrictory and vasodilatory responses to H 2 S (9, 26, 28) . The modality of the response may depend on the vascular bed from which the vessels are derived and the duration or dose of exposure. For example, rainbow trout (Oncorhynchus mykiss) efferent branchial arteries exhibit a tri-phasic (relaxation-contraction-relaxation) response when exposed to physiologically relevant levels of H 2 S (8). Multiphasic responses to H 2 S have also been observed in pulmonary vessels of mammals, birds, and reptiles (27) . The specific mechanisms underlying H 2 S-mediated vasoconstriction are unknown but may involve a lowering of intracellular cGMP and a rise in cytosolic Ca 2ϩ levels following mobilization of internal stores or entry through voltage-dependent Ca 2ϩ channels (26) . Consistent with these putative mechanisms, bovine pulmonary arteries contracting in the presence of H 2 S exhibit a significant membrane depolarization (27) .
The potential for H 2 S to depolarize cell membranes (27) and its known endogenous production from trout blood vessels (26) and gill tissue (29) led us to investigate the possible role of H 2 S in stimulating or modulating the secretion of catecholamine hormones (adrenaline and noradrenaline) from rainbow trout chromaffin cells. In trout, as in other teleost species, the chromaffin cells are located in close proximity to endothelial and vascular smooth muscle cells of the posterior cardinal vein (PCV) (24) , each of which are likely sites of H 2 S production. Additionally, the chromaffin cells are innervated by preganglionic sympathetic nerve fibers (36) which, like cranial nerves (10), may release H 2 S in response to electrical activation. Thus, the goal of this study was to determine whether endogenous H 2 S could contribute to catecholamine secretion during acute stress responses. This was achieved by measuring the plasma levels of H 2 S (as S 2Ϫ ) and catecholamines during acute hypoxia stress in vivo, examining the effects of electrical stimulation on H 2 S production in an in situ-perfused PCV preparation (11) and evaluating the direct effects of H 2 S on catecholamine secretion in the PCV preparation.
MATERIALS AND METHODS

Experimental Animals
Rainbow trout [O. mykiss (Walbaum)] of both sexes were obtained from Linwood Acres Trout farm (Campbellcroft, Ontario, Canada). The fish were held at the University of Ottawa in large fiberglass tanks supplied with flowing, aerated, and dechloraminated city of Ottawa tap water. The fish (150 -250 g; n ϭ 114) were maintained at a temperature of 13°C on a 12:12-h light-dark photoperiod. They were fed daily with a commercial trout diet. Fish were allowed to acclimate to the holding facility for at least 2 wk prior to experimentation. All procedures involving animals were approved (protocol BL-189) by the University of Ottawa Animal Care Committee in accordance with guidelines provided by the Canadian Council on Animal Care.
Series I: Effects of Acute Hypoxia Exposure In Vivo
Animal preparation. Rainbow trout were anesthetized in an aerated solution of ethyl-P-aminobenzoate (benzocaine; Sigma; 2.4 ϫ 10 Ϫ4 mol/l). Fish were placed onto an operating table where the gills were continuously irrigated with aerated water containing anesthetic. To permit periodic blood sampling, an indwelling polyethylene cannula (Clay-Adams PE-50) was implanted into the dorsal aorta via percutaneous puncture of the roof of the buccal cavity (38) . Trout were then placed individually in opaque Perspex boxes supplied with aerated flowing water where they were allowed to recover for 24 h prior to experimentation.
Experimental protocol. Hypoxia (water PO 2 ϭ 35 mmHg) was achieved by replacing the air supplying a water/gas equilibration column with N 2-air mixtures. This degree of hypoxia was chosen on the basis of a previous study (33) , showing significant catecholamine release at this PO 2. The desired water PO2 exiting the column was preset and established by adjusting the rate of water and/or N2-air flow through the column. Generally, the desired water PO2 in the experimental box was reached within 10 min and thereafter never varied more than Ϯ 2 mmHg. The N 2-air mixes were provided by a gas-mixing flow meter (model GF-3/MP; Cameron Instruments, Port Aransas, TX). Water PO 2 was monitored continuously by pumping (using a peristaltic pump) water through a temperature-controlled (13°C) chamber housing a Cameron O 2 electrode that was connected to blood gas analyzer (Cameron Instruments). All electrodes were calibrated prior to each individual experiment. The O 2 electrode was calibrated by pumping (using the peristaltic pump) a zero solution (2% sodium sulfite) or air-saturated water continuously through the electrode sample compartment until stable readings were recorded. Blood samples (0.5 ml) were withdrawn before (normoxic control) and after 30 min of acute hypoxia. After centrifugation, the plasma was added to antioxidant buffer (0.8 M sodium salicylate, 1.1 M NaOH, 0.2 M ascorbate; pH Ͼ 12.0).
Series II: H 2S Production In Vitro
Endogenous H2S production from PCV or anterior kidney (anterior 1/3 of kidney) was assessed in vitro according to Dombkowski et al. (7) . Typically, 0.45 g of tissue was required per experiment; thus the small amounts of PCV obtained per fish necessitated pooling tissue from four to nine fish to yield one. To obtain a final sample size of six, 41 fish were killed by a blow to the head, and tissues were removed. After tissues were weighed, they were homogenized (on ice) in potassium phosphate buffer (pH 7.4) and diluted 10-fold with nutrient buffer (phosphate buffer containing 10 mM cysteine and 2 mM pyridoxal-5Ј-phosphate). Tissue H 2S production was assessed over an approximate 22-h period in the presence or absence of inhibitors of H 2S biosynthetic enzymes, 1 mM aminooxyacetic acid (AOA; inhibitor of CBS), or 20 mM D,L-propargylglycine (PPG; inhibitor of CSE). The solutions were transferred into 10-ml syringes and after expelling all air, they were sealed and gently shaken on an orbital shaker for ϳ22 h. In all cases, a blank incubation was performed in which no tissue was added. Any H 2S production measured in the blank run was subtracted to yield tissue-specific H2S production rates. After 22 h, 1-ml aliquots were removed and centrifuged (12,000 g); the supernatant was removed, mixed 1:1 with antioxidant buffer, and immediately assayed for H 2S as described below.
Series III: Cloning of CSE and CBS and Their Tissue Distribution
Fish were killed by a sharp blow to the head and the anterior kidney, liver, and brain were dissected and immediately frozen in liquid N 2 and stored at Ϫ80°C. Total RNA was extracted from tissues by using Trizol (Invitrogen) reagent following the instructions of the manufacturer. First-strand cDNA was synthesized from total RNA using Superscript II reverse transcriptase (Invitrogen) and oligo(dT) primers. For CSE, degenerate primers were designed (Table 1) to amplify a 290-bp cDNA fragment from brain cDNA. After cloning and sequencing, the 290-bp fragment was used to search GenBank EST databases for additional putative fragment of trout CSE. Seventeen sequences were aligned and assembled into a single contig using commercial software (DNAMAN version 5.1; Lynnon Biosoft). The consensus sequence yielded an uninterrupted open reading frame of 1,215 bps that was most similar (BlastX) to zebrafish CSE (84% amino acid identity). Using the consensus sequence, two additional overlapping primer pairs were designed (Table 1) to confirm the in silico sequence. The resultant PCR products were cloned, sequenced, and aligned to generate a final full-length CSE cDNA (GenBank accession no. EU315111). To generate a full-length sequence of trout CBS, predicted zebrafish (Danio rerio) CBS cDNA (accession no. XM_001334978) was used to search the GRASP (Genomics Research on All Salmon; http://cbr.uvic.ca/grasp/) data base. Four clusters were identified with high homology to zebrafish CBS (IDs 2846511, 280360, 282564, and 2818754). The consensus sequences for each cluster were then used to search salmonid EST databases. Ultimately, 12 sequences were assembled into two nonoverlapping contig consensus sequences with open reading frames of 1,013 and 680 bps. These in silico consensus sequences were used to design four sets of primers (Table 1) to generate a full-length cDNA sequence using liver or kidney cDNA as a template. The full-length CBS sequence (GenBank accession no. EU315111) contained a coding region of 1,797 bps. All PCR reactions involved an initial denaturation at 94°C for 30 s followed by 35 cycles of 94°C for 30 s, annealing temperature for 60 s, 72°C for 90 s, and ending with a final extension for 10 min at 72°C. PCR products were cloned using TOPO TA cloning kits (Invitrogen) and sequenced (University of Ottawa Core Sequencing Facility). Fish (n ϭ 6) were killed by a sharp blow to the head and tissues (liver, spleen, brain, anterior kidney, posterior kidney, anterior PCV, posterior PCV, and white muscle) were collected and frozen immediately in liquid N 2 and stored at Ϫ80°C. Total RNA was extracted using Trizol according to the instructions of the manufacturer. To remove any remaining genomic DNA, the RNA was treated with DNAse (8 U/sample; Invitrogen). RNA quality was assessed by gel electrophoresis and spectrophotometry (Eppendorf BioPhotometer). cDNA was synthesized from 5 g total RNA using StrataScript reverse transcriptase (Stratagene) and random hexamer primers. CSE and CBS mRNA levels were assessed by real-time PCR on samples of cDNA using Brilliant SYBR Green QPCR (Stratagene) and a Stratagene MX-4000 multiplex QPCR system. PCR conditions were as instructed by the manufacturer, except scaled down from a 50 l to a 12.5 l final reaction volume. Relative expression of CSE or CBS mRNA levels was determined (using 18S as a reference gene; Table  1 ) by the ⌬⌬ Ct method (35) .
Series IV: In Situ Saline-Perfused PCV Preparation
The fish were killed by a sharp blow to the head, weighed, and placed on ice. To electrically stimulate the nerves innervating the chromaffin cells, a field stimulation technique was used whereby electrodes were sutured to the skin on each side of the fish immediately behind the operculum at the level of the lateral line (22) . A ventral incision was made from the anus to the pectoral girdle, and the tissues overlying the heart were removed by blunt dissection to expose the ventricle and the bulbus arteriosus. An inflow cannula (PE-160, Clay-Adams) was inserted into the PCV, and an outflow cannula (PE-160) was inserted into the ventricle through the bulbus arteriosus. Prior to beginning the experiments, the preparations were perfused for 20 min with modified aerated Cortland saline (31, 47) (in mmol/l: 125 NaCl, 2.0 KCl, 2.0 MgSO4, 5.0 NaHCO3, 7.5 glucose, 2.0 CaCl2, and 1.25 KH2PO4, final pH 7.8) to allow catecholamine and H2S levels to stabilize. Perfusion was accomplished using positive pressure differences between the surface of the saline and the outflow cannula, resulting in a relatively constant flow (ϳ0.6 ml/min). Following the stabilization period, a single sample was collected in a preweighed microcentrifuge tube to assess basal H2S and/or catecholamine secretion rates prior to any experimental procedure. Fish were then subjected for 30 s to an electrical stimulation of 30 V at either 5 or 20 Hz using a previously validated field stimulation technique (22) . These two stimulation frequencies were chosen based on previous studies that showed catecholamine secretion (18) or NO production (19) in saline-perfused trout PCV preparations was differentially controlled depending on stimulation frequency. During the experimental procedure, the perfusate was collected continuously for 1-min intervals over a 4-min period. All samples were immediately centrifuged for 20 s at 7,500 g, and the perfusate was added to antioxidant buffer (0.8 M sodium salicylate, 1.1 M NaOH, 0.2 M ascorbate; pH Ͼ 12.0) in a 3-to-1 ratio, quickly frozen in liquid N 2, and stored at Ϫ80°C until subsequent determination of catecholamine and H2S levels.
In a separate series of experiments utilizing different fish, the effects of general cholinergic receptor stimulation (10 Ϫ5 mol/kg of carbachol using an injection volume of 1 mol/kg) (37) or nonspecific depolarizing stimulation (10 mM KCl; 1 mol/kg) (19) on H 2S and catecholamine production were assessed. To assess the capacity for H 2S to stimulate catecholamine secretion from chromaffin cells, saline-perfused PCV preparations were perfused with solutions containing H 2S (generated from NaHS) at seven concentrations (n ϭ 6 different fish for each concentration) ranging between 1 ϫ 10 Ϫ7 and 1 ϫ 10 Ϫ4 M. In these experiments, four samples were collected after switching from control saline (0 -30, 30 -60, 60 -120, and 120 -180 s). Using a single concentration of H 2S (1 ϫ 10 Ϫ4 M), these experiments were repeated using Ca 2ϩ -free perfusion fluid. To determine whether H2S might be interacting with chromaffin cell cholinergic receptors, H2S was administered to perfused preparations in the presence of the ganglionic blocker hexamethonium (1 ϫ 10 Ϫ3 M) (37) . To verify the efficacy of nicotinic receptor blockade, carbacholevoked catecholamine secretion was assessed in preparations perfused with hexamethonium.
Analytical Procedures: Catecholamine and H 2S Analysis
Catecholamine levels in perfusate were determined on aluminaextracted samples (100 l) using HPLC with electrochemical detection (47a) . The HPLC incorporated a Varian ProStar 410 solvent delivery system (Varian Chromatography Systems, Walnut Creek, CA) coupled to a Princeton Applied Research 400 electrochemical detector (EG & G Instruments, Princeton, NJ). Concentrations were calculated relative to appropriate standards, using 3,4-dihydroxybenzalamine hydrobromide (DHBA) as an internal standard. H 2S was measured as total S 2Ϫ with an ion-selective electrode following the manufacturer's directions (Lazar Research Laboratories, Los Angeles, CA). Briefly, in the presence of the antioxidant buffer (pH Ͼ 12.0), the following reaction proceeds:
Statistical Analyses
Data are presented as means Ϯ 1 SE. The data were analyzed either by Student's paired t-test (pairwise comparisons) or one-way ANOVA. If the ANOVA indicated a significant difference, the data were analyzed further by using a post hoc multiple comparison test (Bonferroni correction). The requirements for equal variance and normal distribution were not violated, and thus it was not necessary to resort to nonparametric statistics.
RESULTS
The exposure of fish to acute hypoxia (PwO 2 ϭ 35 mmHg) caused concurrent increases in plasma H 2 S (as S 2Ϫ ) and catecholamine (adrenaline ϩ noradrenaline) levels (Fig. 1) . Both adrenaline and noradrenaline were statistically increased during hypoxia (data not shown), and the data were combined for clarity. Because catecholamines are secreted from chromaf-fin cells lining the PCV within the anterior kidney, the ability of these tissues to endogenously produce H 2 S was assessed. Each tissue produced H 2 S at roughly equivalent rates (Fig.  1C) . Treatment of tissues with AOA, an inhibitor of CBS, significantly reduced endogenous H 2 S production, whereas treatment with PPG, an inhibitor of CSE, was without effect (Fig. 1C) .
Putative CSE and CBS cDNAs were cloned from trout liver, and the phylogenetic grouping of their deduced protein sequences with genes from other vertebrates (Fig. 2) suggest that they are indeed orthologous to CSE and CBS. The results of real-time PCR (Fig. 3) demonstrated that CSE and CBS mRNA were present in all tissues that were examined with particularly low levels of CSE mRNA in white muscle and high levels of CBS mRNA in the anterior region of the PCV.
In response to electrical stimulation, there was a pronounced secretion of H 2 S (Fig. 4A) and catecholamines (Fig. 4B) into the outflowing perfusate of the in situ salineperfused PCV preparation that typically peaked 1-2 min poststimulation (Fig. 4) ; there was no obvious effect of stimulus frequency on H 2 S or catecholamine secretion. Unlike electrical stimulation, the addition of the muscarinic receptor agonist carbachol or depolarizing levels of KCl, while eliciting catecholamine secretion, failed to evoke secretion of H 2 S (Fig. 5) . Indeed, H 2 S secretion was significantly reduced 4 min after the addition of KCl (Fig. 5B) ; the apparent decrease in H 2 S secretion following carbachol (Fig. 5A) was not statistically significant. The addition of H 2 S to the perfusion fluid caused secretion of catecholamines at concentrations equal to and exceeding 5 ϫ 10 Ϫ7 M (Fig. 6) . The stimulation of catecholamine secretion by H 2 S was prevented when Ca 2ϩ was omitted from the perfusion fluid (Fig. 6, inset) . Hexamethonium, however, while clearly effective at inhibiting carbachol-evoked catecholamine secretion, did not affect H 2 Smediated secretion of catecholamines (Fig. 7) .
DISCUSSION
In fish, as in other vertebrates, the abrupt secretion of catecholamines into the circulation during acute stress (the acute adrenergic stress response) initiates an array of responses aimed at optimizing physiological function including blood oxygen transport (32, 34, 45) . Because of its importance in the acclimatization responses to stress, there has been extensive investigation into the mechanisms promoting the acute adrenergic stress response. In this paper, we bring fresh insight into the regulation of the acute adrenergic stress response by providing the first demonstration of a direct stimulatory effect of H 2 S on catecholamine secretion from the chromaffin cells of any vertebrate. This finding, together with the correlative observations that plasma H 2 S levels are elevated concurrently with catecholamines during acute hypoxia and that electrical excitation of the nerves innervating the chromaffin cells causes dual secretion of catecholamines and H 2 S, provide evidence that H 2 S has a key role in regulating catecholamine secretion during acute stress. Although cDNAs encoding two enzymes involved in the biosynthesis of H 2 S were cloned and their presence confirmed in the PCV (predominant location of chromaffin cells in teleost fish), it would appear that CBS is the crucial enzyme limiting H 2 S production at this site. This conclusion is based on the fact that endogenous production of H 2 S from PCV homogenates was inhibited by the CBS inhibitor AOA while being unaffected by inhibition of CSE.
Current models for catecholamine secretion from vertebrate chromaffin cells (12, 36 ) reveal a complex multilayered control Fig. 4 . Effects of electrical field stimulation on H2S production (A) or catecholamine (adrenaline ϩ noradrenaline) (B) in an in situ saline-perfused PCV preparation of rainbow trout (O. mykiss). Preparation were stimulated at 30 V by using frequencies of 5 Hz (black bars; n ϭ 6) or 20 Hz (gray bars, n ϭ 6). Control preparations (white bars; n ϭ 6) were not stimulated. Data are shown as means Ϯ 1 SE. *Statistical differences from the prestimulation (Pre) period (1-way ANOVA; P Ͻ 0.05). system involving a suite of cholinergic and noncholinergic mechanisms whose relative importance may vary according to prevailing physiological conditions. Chromaffin cells are innervated by preganglionic sympathetic nerve fibers. Thus, the predominant mechanism underlying catecholamine secretion during acute stress is thought to involve the stimulation of nicotinic receptors leading to membrane depolarization and consequent influx of Ca 2ϩ to initiate secretion (5). Generally, muscarinic receptors appear to be less important although their involvement in promoting secretion is species dependent (2) . A variety of noncholinergic secretagogues have been identified, including vasoactive intestinal polypeptide, pituitary adenylate cyclase activating polypeptide, angiotensin II, and histamine [see review by Livett and Marley (17) ]. In rainbow trout, noncholinergic mechanisms promoting catecholamine secretion (3, 23) become relatively more important during periods of nicotinic receptor desensitization (15, 18) . The results of the present study demonstrating that H 2 S can stimulate catecholamine secretion add yet another layer of complexity to current models and are particularly intriguing, considering that H 2 S is generally thought to evoke membrane hyperpolarization (49), a response which is inconsistent with exocytosis of catecholamines.
Recently, it was reported that H 2 S can elicit membrane depolarization and concurrent contraction in bovine pulmonary vascular smooth muscle (27) and depolarization in cultured neuroepithelial cells of zebrafish (Danio rerio) gill (29) . These observations together with the finding that H 2 S-evoked catecholamine secretion was prevented by the removal of Ca 2ϩ from the perfusion fluid (Fig. 6) , suggest that trout chromaffin cells are depolarized in the presence of H 2 S, leading to influx of extracellular Ca 2ϩ . Obviously, future studies should directly assess the impact of H 2 S on the membrane potential of chromaffin cells.
Electrical excitation of the perfused PCV preparation caused a simultaneous increase in H 2 S and catecholamine secretion, whereas direct depolarization of the chromaffin cells using KCl or carbachol exclusively, stimulated catecholamine secretion. These findings suggest that the H 2 S secreted into the perfusate is derived from the excitation of the preganglionic sympathetic nerve fibers accompanying field stimulation (22) rather than activation of the chromaffin cells themselves. This idea is supported by the results of Eto et al. (10) who demonstrated H 2 S production from mice brain slices subjected to electrical stimulation. Thus, we speculate that H 2 S may be coreleased with acetylcholine and other neurotransmitters during neuronal activation to fine tune the secretory response of the chromaffin cell. Because cells of the vascular wall produce H 2 S (27), it is also possible that the PCV, itself, contributes to H 2 S production during electrical stimulation. The simultaneous increase in plasma H 2 S and catecholamine levels observed in trout during acute hypoxia may reflect, at least in part, such overflow from nerve fibers during activation of chromaffin tissue or spillover from vascular endothelial cells. Additionally, although the levels of H 2 S (when measured as S 2Ϫ using an ion-selective electrode) measured in trout plasma in this study agree well Fig. 6 . Effects of H2S (1 ϫ 10 Ϫ7 to 1 ϫ 10 Ϫ4 M; n ϭ 6 for each concentration) or saline (controls; n ϭ 6)] on catecholamine (adrenaline ϩ noradrenaline) secretion in the presence or absence (inset) of extracellular Ca 2ϩ . An H2S concentration of 1 ϫ 10 Ϫ4 M (n ϭ 6) was used for the Ca 2ϩ -free experiments. Post-H2S catecholamine secretion valises represent the maximal secretion rate evokes within 4 min of injection (usually occurring at the 2-min sampling time). Values shown are means Ϯ 1 SE. *Significant differences from corresponding Pre-H2S injection rates (P Ͻ 0.05; paired Student's t-test). with previous data obtained from fish (8, 29) and other vertebrates (30, 43, 49) , it has been argued that the values presently being reported in the literature (generally ranging between 50 and 150 M) may be significantly overestimating actual circulating levels (40) owing to methodological limitations. Indeed, recent measurements using a polarographic electrode (that directly measures H 2 S) indicate that the plasma levels of H 2 S may never exceed 300 nM (46) . As advocated by Whitfield et al. (46) , the role of H 2 S as a bona fide signaling molecule within the circulation warrants reevaluation. Regardless, low levels of H 2 S within the general circulation does not preclude an important pararine or autocrine action of this gas. Indeed, the concentration of H 2 S at sites of production (e.g., in the vicinity of chromaffin cells) must certainly exceed systemic circulating levels by orders of magnitude. Therefore, we believe that the levels of H 2 S used in this study (Ͼ500 nM) to elicit catecholamine secretion from the perfused PCV preparation are justifiable. As in a recent study (46) , we are confident that plasma H 2 S levels are increased during hypoxia but we cannot explain discrepancies between the results obtained using ion-selective and polarographic electrodes. Recently, Whitfield et al. (46) demonstrated that the ion-selective electrode actually underestimates levels of H 2 S in blood samples spiked with NaHS.
To unequivocally establish the importance of H 2 S-mediated catecholamine secretion relative to other secretagogues released during neuronal excitation of PCV, chromaffin cells would require prior inhibition of CBS, the enzyme responsible for H 2 S production in the PCV (Fig. 1) . Unfortunately, AOA, the standard inhibitor of CBS does not readily permeate cell membranes and is not a useful tool for inhibiting CBS-mediated H 2 S production in vivo or in situ (48) . Thus, not surprisingly, pretreatment of the perfused PCV preparation with AOA was without effect on electrically-evoked H 2 S or catecholamine secretion (Perry SF, unpublished observations). Although CSE does not appear to be involved in generating H 2 S in PCV homogenates, it is conceivable that the H 2 S appearing in the outflowing perfusate might be derived from tissues other than the PCV that rely on CSE for H 2 S production. The involvement of CSE seems unlikely, however, because addition of the permeant CSE inhibitor PPG to the perfusate also was without effect on electrically-evoked catecholamine secretion (Perry SF, unpublished observations).
The stimulatory effect of H 2 S on catecholamine secretion is in marked contrast to the effects of another endogenously produced gaseous neurotransmitter, NO, which acts to inhibit catecholamine secretion during chromaffin cell stimulation (19, 20, 42) . Interestingly, unlike the situation for H 2 S, the secretion of NO during electrical stimulation of the perfused PCV preparation is dependent on pulse frequency (19) . Indeed, increasing the pulse frequency from 8 to 20 Hz during field stimulation of the trout PCV totally eliminated NO secretion (19) . Because H 2 S secretion during electrical stimulation of the PCV is frequency independent (at least between 5 and 20 Hz), one could envisage a mechanism of fine-tuning catecholamine secretion involving varying secretion ratios of NO and H 2 S that depend on neuronal excitation frequency.
Perspectives
H 2 S, while foul smelling and toxic at high levels, is an endogenously produced signaling molecule known to elicit profound cardiovascular effects in vertebrates. By showing that H 2 S promotes catecholamine secretion from piscine chromaffin cells, this study provides an additional route for cardiovascular control by H 2 S indirectly involving circulating catecholamines. Future studies should now focus on at least three areas: 1) the universality of this response (i.e., is it applicable to other vertebrates), 2) the mechanisms underlying H 2 Sevoked catecholamine secretion, and 3) assessing the relative importance of H 2 S (compared to the numerous other existing mechanisms) in promoting catecholamine secretion during acute stress.
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